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Mechanics is the science of
structure and movement that
engineers need when they design
things like bridges, aeroplanes or
machines. It is equally applicable
to the structure and movement of
organisms, in the branch of
science known as biomechanics
(Box 1).
Biomechanics is concerned
with humans, animals, plants and
individual cells. Some of its
practitioners are motivated
principally by curiosity, whereas
others seek solutions to practical
problems such as the design of
joint prostheses or replacement
heart valves, or the improvement
of performance in athletics. Here,
I focus on the biomechanics of
movement of animals and healthy
humans, ignoring medical
biomechanics and plant and cell
mechanics.
What is the movement?
The first requirement in a
biomechanical investigation is a
description of the movement; how
fast is the animal (or human)
moving, what is the timing of
events such as footfalls or wing
beats, and what are the angles
and rates of movement of joints?
Scientists’ ability to obtain
information of this kind was
enormously enhanced in the late
nineteenth century by the
invention of cinematography. One
of the most famous early
programmes of research was
carried out, shortly before true
cinematography was developed,
by Eadweard Muybridge. Starting
in 1878, he set up rows of 12 or
24 still cameras with a mechanism
that fired them in rapid
succession as an animal or
human moved past. Thus, for the
first time, it was possible to make
a reliable record of movements
that are too fast to be followed by
the unaided eye. Among other
things, Muybridge resolved a
controversy by showing that there
are stages in a horse’s trotting
stride in which all four feet are off
the ground. Also, he showed that
the stretched-out position in
which artists of his time painted
galloping horses — with both
forelegs extended forward and
both hindlegs extended back —
does not occur during the stride. 
Huge technical advances have
been made since then:
cinematography has been
superseded by video recording;
automated systems are available
that will generate records of the
movement in three dimensions of
marked points on the body, from
the output of several
synchronised video cameras
viewing the body from different
angles; X-ray video systems have
been developed. One of the most
spectacular X-ray movies was
made by Farrish Jenkins and
shows a flying starling as a
moving skeleton, demonstrating,
for example, that the wishbone
bends and recoils in every wing
beat.
How does the movement work?
Another question that often arises
in animal mechanics is: what is
the mechanism that produces the
movement? In their pioneering
research on different animals in
the 1930s, James Gray and his
colleagues asked for example,
how a snake moves without legs
or wheels to propel it? They
showed that the animal forms
waves of bending that travel
backward along its body. It might
make no progress on a slippery
floor, but natural terrain generally
has bumps, stones or tussocks of
grass. The snake’s body can slide
past these, but cannot easily push
them out of the way. The waves of
bending, travelling backward
along the body, press against
such features and drive the snake
forward.
A more recent example comes
from Johan van Leeuwen and his
colleagues. Chameleons catch
insects by means of astonishing
tongues, which shoot out
exceedingly rapidly to as much as
one and a half times the lizard’s
body length. The tongue has a
central rod of cartilage
surrounded by a hollow cylinder
of muscle. Between the cartilage
and the muscle are at least ten
concentric sheaths of collagen
fibers. In preparation for tongue
projection, the muscle contracts
radially, making itself longer and
so stretching the collagen
sheaths. Projection of the tongue
starts with the muscle sliding
forward off the cartilage rod. This
allows the collagenous sheaths to
recoil elastically. The sheaths are
arranged so that, as they recoil,
they slide over each other like the
tubes of a telescope. Their
telescopic action results in a huge
increase in tongue length, and the
elastic recoil is much faster than
muscular contraction could be.
As a last example, Figure 1
shows how Mark Westneat
explained the jaw protrusion
mechanism of a fish in terms of
rigid elements connected by
hinges and sliding joints.
What forces are acting?
If a sufficiently accurate record
has been made of the movements
of body parts, their accelerations
can be calculated. If the masses
and moments of inertia of the
parts are known, the forces
needed to cause the
accelerations can be worked out:
force = mass × acceleration. This
approach was pioneered in
biomechanics by Braune and
Fischer, in their research on
human walking published
between 1885 and 1904. They
recorded movements by taking
long-exposure photographs of a
walker with flashing lights
attached to his body, in a
darkened room. Extremely
laborious calculations, well before
the days of computers, let alone
automated video analysis,
provided force estimates for just
three sequences, each of a single
stride. One of their conclusions
was that the legs do not swing
forward passively like pendulums,
but must be driven by muscle
action.
In recent research, forces
exerted on the ground by human
or animal feet are often recorded
directly by means of force plates.
Different methods are needed to
determine the forces that animals
exert when moving in the air or in
water. These have often been
estimated by measuring the
forces on animals, or on parts or
models of animals, suspended in
a stream of air in a wind tunnel.
Wind tunnel tests on the wings
of some insects failed to explain
their ability to hover. For example,
the wings of a hawkmoth seemed
to generate only half of the
required force when beating at
the observed rate. Charles
Ellington and his colleagues built
a model of a hawkmoth’s wings
and showed that they generated a
swirling flow of air outwards
toward the wing tip, which did not
occur in the wind tunnel tests.
This flow seemed likely to
increase the aerodynamic force
supporting the insect. In later
experiments, the same effect was
obtained by rotating the wings
about their bases, like a
helicopter rotor. These forces
were sufficient to explain
hovering.
Flying and swimming animals
generate forces by accelerating
the surrounding air or water. If
the resulting fluid velocities can
be measured, the magnitudes
and directions of the forces can
be calculated. Such
measurements have been made
far easier and more accurate than
before by particle image
velocimetry. This technique relies
on tiny particles suspended in the
fluid. A plane in the animal’s
wake is illuminated by a sheet of
laser light. The speeds and
directions of movement of
particles in this plane are
recorded automatically. From
these data, the forces can be
calculated.
Most sharks, for instance, are
denser than the sea water, so
they sink if they stop swimming. It
has been generally believed that
the upward force needed to
support them when they swim is
provided partly by hydrodynamic
lift on the body, which is tilted
nose up, and partly by the beating
of the asymmetrical tail fin.
However, the role of the tail had
been questioned. Therefore, C. D.
Wilga  and George Lauder used
particle image velocimetry to
show that the tail drives water
downwards as well as
backwards, and so contributes to
weight support (Figure 2).
What stresses and strains are
involved?
Stress is force divided by cross-
sectional area. Engineers design
bridges and other structures so
that the stress under the highest
expected loads will be by a factor
of safety below the stress that
would break the component. The
factor of safety gives protection
against unexpectedly high
stresses and against fatigue
failure.
Estimates of the stresses that
act on body parts during
strenuous activities can give us
some quantitative understanding
of animal design. In an early study
of this kind, I used a force plate to
record the forces that a dog’s feet
exerted on the ground as it took
off for large jumps. From the
force record and synchronised
film, the forces on some of the leg
muscles and bones were
calculated. From the dimensions
Magazine    
R617
Figure 1. The protrusion mechanism of the jaws of a perciform fish. 
The protrusion mechanism can be explained in terms of rigid elements, hinges and
joints. Reproduced with permission from M.W. Westneat (2004).
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of the muscles, tendons and
bones the stresses could be
calculated. This yielded safety
factors between two and three for
the bones, similar to the factors
allowed in many engineering
designs, and a lower factor for
the Achilles tendon.
Breaking stresses for biological
materials are measured in testing
machines of the kind that
engineers use for testing
materials. The same tests show
how much the material is
stretched or compressed. Strain
is fractional distortion under
stress. An unexpected finding in
the study of the jumping dog was
that the stress in the Achilles
tendon was enough to cause
substantial strain. Tendons had
been thought of as inextensible
ropes connecting muscles to the
skeleton, but the dog study
showed that they should be
thought of as springs, whose
elasticity could have important
consequences for animal
movement.
In the meantime, techniques for
measuring stresses and strains
have been greatly improved.
Strain gauges, tendon buckles
and surgically implanted
sonomicrography crystals are
used to record bone strain and
the forces and length changes in
muscles and tendons. Length
changes in some muscles and
tendons can be observed without
surgery, by an ultrasonic imager
attached to the surface of the
body. Bone and muscle
dimensions can be measured in
living subjects without dissection,
by magnetic resonance imaging.
How do the muscles perform?
There has been a lot of interest in
the past few decades in the
performance of muscles. How
well are their properties adapted
to the jobs they have to do? How
much do their fibers lengthen and
shorten? And how much power
do they generate? Conveniently,
bundles of muscle fibers can be
kept alive after removal from the
body. The forces they exert can
be measured as they are
stretched or allowed to shorten
and they can be stimulated at any
chosen stage of the movement
cycle. The results of these
experiments with isolated fiber
bundles can be compared to the
stresses and strains observed in
the intact animal.
Fish, for example, have two
kinds of swimming muscle: white
muscle that makes up most of the
muscle volume, and thin strips of
red muscle along the sides of the
body. The red muscle, which
works aerobically, powers slow,
sustained swimming, whereas the
white, anaerobic muscle is used
for bursts of speed. Larry Rome
and his colleagues showed that
white muscle can contract much
faster than red muscle. The
optimum shortening speed of
each muscle type, at which it
generates most power, lies in the
range in which it has to operate
during swimming.
How much energy is used?
Many measurements have been
made of the metabolic energy
cost of animal movement, usually
by measuring oxygen
consumption. As food is often
hard to get, we may reasonably
expect animals to move in ways
that minimise energy
consumption. For example,
horses walk slowly, trot at
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Branches of mechanical engineering that
have proved useful in the study of animal
mechanics include:
Dynamics, in the study of movements such
as walking, running and jumping.
Kinematics of mechanisms, in explaining,
for example, how snakes erect their fangs
and how many fishes protrude their jaws
(Figure 1).
Properties of materials, applied to
biological materials ranging from bone and
mollusc shell to blood and jellyfish jelly.
Tribology, in studying the lubrication of
joints and the adhesive properties of insect
feet.
Hydrostatics, especially in relation to the
buoyancy of aquatic animals.
Fluid dynamics of flight, swimming, blood
flow etc.
Control theory, in the study of vibrations
in ears and sound-producing organs, and
following impact of feet with the ground.
Box 1. Engineering in biology.
Figure 2. The downward jet of water driven by a shark’s tail.
Particle image velocimetry reveals the fluid dynamics evoked by a shark’s tail. The
arrows show the flow, and the colors represent the vorticity in the vortex ring that forms
around the jet. Reproduced with permission from C.D. Wilga and G.V. Lauder (2002).
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moderate speeds and gallop to
go fast. Dan Hoyt and Dick Taylor
showed that in ponies each gait is
the most economical in the speed
range at which it is normally used.
A recently developed technique
provides estimates of the division
of energy consumption between
muscles. Microscopic spheres
injected into the blood become
lodged in muscles in proportion
to the blood flow through them.
Richard Marsh and colleagues
applied this method to running
guinea fowl. They estimated that
one quarter of the energy used in
the limbs was consumed by the
muscles that swing the legs
forward, and three quarters by the
muscles that are active while the
foot is on the ground.
Can a model help our
understanding?
Physical models have sometimes
been useful in biomechanics. The
robotic hawkmoth, already
mentioned, is an example.
Mathematical models have more
often been used. For instance,
palaeontologists had found
evidence that Tyrannosaurus fed
on its prey by powerful,
potentially bone-crushing bites
followed by tearing with its teeth.
To do this, its skull would have
had to be capable of withstanding
large forces in several different
directions. Engineers calculate
stresses in complex structures by
finite element analysis, modelling
them as assemblies of polygonal
blocks. Using this technique,
Emily Rayfield showed that the
skull of Tyrannosaurus was well
adapted to withstand the various
stresses of this style of feeding
(Figure 3).
Most insects hover by beating
their wings forward and back in a
more or less horizontal plane.
They must be supported in the air
by lift, the component of
aerodynamic force that acts at
right angles to the wing’s motion.
Dragonflies, however, beat their
wings at a steep angle to the
horizontal. Calculations that
assumed that the insects were
supported only by lift failed to
explain how they keep
themselves airborne. Jane Wang
devised a computer model of
dragonfly hovering and estimated
the aerodynamic forces. She
concluded that lift supplies only
one quarter of the required
supporting force. The rest is
supplied by drag, the component
of force that acts backward in the
direction of motion, and is
responsible for the propulsion of
rowing boats.
Elite long jumpers run up to the
take-off board at a speed of
around 10 m/s, but high jumpers
run up at only 7 m/s. To explain
the difference, I devised a very
simple mathematical model, a
stick man whose jumps were
powered by a single knee muscle
with realistic physiological
properties. I varied the speed of
the run up and the angle at which
the take-off leg was set down,
and calculated the length and
height of the jump in each case.
The theoretical optimum
techniques agreed well with what
good athletes actually do.
Conclusion
The questions highlighted here
cannot represent all the kinds of
questions that biomechanists
have asked about human and
animal movement. In addition to
the ones I have omitted, there
must be many good questions
that we have not yet thought of
asking.
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Figure 3. A finite element model of a
Tyrannosaurus skull.
The skull is represented an assembly of
triangular blocks for finite element analy-
sis. Tearing would impose horizontal
forces on the teeth, and vertical bites
would impose vertical forces. (Repro-
duced with permission from E.J. Rayfield
(2004).) 
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